Geologists and the Society of Mining Engineers of AIME. The meeting was held in Vail, Colo., on August 25-27, 1976 . This paper is not a transcript of the talk but has been constructed from notes used for the oral presentation. The talk was presented to a group composed largely of nongeologists and, as such, was merely intended to expose the audience to some geological features that may affect the leaching of uranium deposits. The material herein was derived from many published descriptions and from personal observation. The list of references included is not at all comprehensive; however, detailed descriptions of both the geological principles and the various described uranium districts can be found in most technical libraries.
In the United States, more than 95 percent of high-grade uranium resources are found in sandstones. Figure 1 shows the principal uranium producing areas of the United States. Except for the deposits (marked by circles) near Spokane, Wash., the Front Range of Colorado, all uranium deposits shown occur in sandtones. Most of the operating or planned uranium leaching operations are situated on sandstone deposits. This discussion will therefore be confined to sandstone-type uranium deposits and those geologic parameters that affect the leaching of sandstone-type uranium deposits. In the first part of this paper, some general principles of sandstones will be discussed. The manner in which these principles may be important in known uranium producing districts is described in the second part. Experience shows that ore recovery rates encountered in in situ leach operations average only about 65 percent of the ore present, and it is suggested that the features discussed here are largely responsible for these low recovery rates.
Understanding the composition and texture of sandstones is important simply because these features control both the ore deposition and ore extraction. The location of the ore within the sandstone is a function of the flow of ore-bearing fluid through the sandstone. More pertinent to this discussion, however, is fact that in situ leaching of uranium deposits depends on the flow of the lixivant (the leaching fluid) and the resulting pregnant liquor (the uranium-bearing solution) through the sandstone. The flow of these solutions should be thoroughly understood. Fortunately, much is known about the flow of fluids through sandstone bodies, and this knowledge is directly applicable to in situ leaching of uranium deposits. PART 1
CHARACTERISTICS OF SANDSTONE BODIES
The main parameters controlling the in situ leaching of sandstone uranium bodies are those that alter the ability of the sandstone to act as a perfectly homogeneous body with equal permeability in all directions. Phenomena that can give rise to differential permeability in sandstones can be divided into five categories: textural differences, sedimentary structures, lithological differences, structural differences, and geochemical or compositional differences. These phenomena determine how closely a real sandstone will approximate an ideal one. In some cases, the categories overlap and may be largely indistinguishable; the categories are thus somewhat arbitrary.
Texture
The textural class includes those parameters that are influenced by the geometry and mutual relations among the component grains of the sandstone.
For example, the grain size greatly influences the permeability of the rock ( fig. 2 ). As the grain size becomes smaller, the permeability of the rock decreases. It should be recalled that although the permeability (which is the capacity for transmitting a fluid) decreases as the grain size decreases, the porosity (which is the ratio of the void volume to the total volume) remains the same. Permeability also decreases as the degree of sorting decreases ( fig. 3 ), because the smaller particles occupy the pore spaces between larger particles. The degree of packing is also directly related to the permeability ( fig. 4) . In a loosely packed rock, permeability and porosity are both high; but a well packed configuration offers less permeability and porosity. The PART 2
IMPORTANT GEOLOGICAL PARAMETERS IN SOME URANIUM DISTRICTS
The geological characteristics of some sandstone-type uranium deposits illustrate how differences in these features of sandstones can affect permeability and in situ leaching operations. This summary relies on data gathered from deposits mined by conventional techniques; however, new deposits mined in the next few years will probably be very similar to the old ones, so the same principles will apply. To illustrate the importance of these differences in texture and sedimentary structure, a hypothetical ideal point bar is shown in figure 17 .
The sequence has permeabilities as high as 2,000 millidarcies (mD) in the lowermost zones and grades upward to permeabilities of 10 mD ( fig. 17a ). As The structure in Live Oak County is straightforward. The beds dip gulfward at about l°-2°, and no major folds are known to affect the Oakville system. There are, however, numerous faults in the area ( fig. 18 ). Generally these strike parallel to the Gulf and are downthrown on the Gulf side. Some of these faults offset the Miocene rocks by as much as 300 feet and are assumed to be intimately connected with genesis of the ore deposits as shown on figure 19 . In leaching uranium from fault controlled deposits, extreme care should be taken to understand the structure of the deposit. The sands are moderately well cemented with calcite and silica. The ore is predominantly an urano-organic complex containing coffinite, and it occurs as coatings, interstitial fillings, and massive replacements of the detrital matrix. Where the organic-uranium material has replaced the detrital matrix, the ore itself acts as a permeability barrier.
HIGH-GRADE U ORE LOW-GRADE U ORE
North of the Grants district, on the Colorado Plateau, the major producing unit is the Salt Wash Sandstone Member of the Morrison Formation.
It was deposited as a large alluvial fan, whose apex lies near the area where the Colorado River crosses the Arizona-Utah border ( fig. 26 ). The fan diverges radially from the apex, where it is some 300 feet thick, to the distal edge where it exists as a series of sandstone ledges 30 to 50 feet thick within finer-grained material. The important uranium districts seem to be localized within paleochannels along a zone at which the fan sediments change distally from dominantly sand to dominantly silt and clay. Craig and others, 1955.) Wyoming or Texas for several reasons. First, many of the deposits contain as much or more vanadium than uranium, and the presence of vanadium will make the chemistry of the required leachate more complex. Second, the ore is more discontinuous and will require careful delineation. Third, the sandstone is less permeable than the Tertiary sandstones in the Wyoming and Texas uranium districts,
SUMMARY
Successful in situ leach mining of uranium deposits depends on an understanding the local permeability patterns, which will control the movement of leach fluids and pregnant liquors. Features that are trivial in conventional mining, such as porosity, clay matrix, cementation, mineralogy, and the reactivity of minerals, become vitally important in leaching.
Differences in these features directly affect the ability to remove ore efficiently. Permeability is the most important control of the flow of the lixivant, and the permeability can be affected by textural differences, sedimentary structures, lithologic differences, structure, and composition.
Often the presence of the ore itself is a major permeability-reducing feature.
Although these features may cause problems in in situ leaching, such problems can be discovered and appropriate measures taken before leaching begins. Aoiding these problems requires some special techniques and a more careful examination than is generally accorded geological features in open pit and underground mining. The results should prove to be worth the time and effort,
